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Summary
Magnetic compass orientation of migratory birds is known
to be light dependent [1–4], and radical-pair processes
have been identified as the underlying mechanism [5, 6].
Here we report for the first time results of tests with Euro-
pean robins, Erithacus rubecula, in total darkness and, as
a control, under 565 nm green light. Under green light, the
robins oriented in their normal migratory direction, with
southerly headings in autumn and northerly headings in
spring. By contrast, in darkness they significantly preferred
westerly directions in spring as well as autumn. This failure
to show the normal seasonal change characterizes the orien-
tation in total darkness as a ‘‘fixed direction’’ response.
Tests in magnetic fields with the vertical or the horizontal
component inverted showed that the preferred direction
depended on the magnetic field but did not involve the avian
inclination compass. A high-frequency field of 1.315 MHz did
not affect the behavior, whereas local anesthesia of the up-
per beak resulted in disorientation. The behavior in darkness
is thus fundamentally different from normal compass orien-
tation and relies on another source of magnetic information:
It does not involve the radical-pair mechanism but rather
originates in the iron-containing receptors in the upper beak.
Results and Discussion
Behavioral studies identified the magnetic compass of birds as
an ‘‘inclination compass,’’ a mechanism based not on the po-
larity of the magnetic field but on the axial course of the field
lines and their inclination [7, 8]. Another important characteris-
tic of the avian magnetic compass is its light dependency, first
indicated by experiments with homing pigeons [1]. Later exper-
iments with several bird species revealed that magnetorecep-
tion depends on the wavelength of light; magnetic compass
orientation requires light from the blue-to-green part of the
visual spectrum [2–4, 9]. These findings are in agreement with
the ‘‘radical pair’’ model [10], which proposes that birds obtain
directional information from the geomagnetic field by electron
spin interactions with the ambient magnetic field. Photon ab-
sorption is suggested as an initial step, and the respective pro-
cesses are assumed to take place in the eyes [10]. This model is
now supported by experimental evidence demonstrating the
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27599.involvement of a radical-pair mechanism by the disruptive
effect of high-frequency fields in the MHz range [5, 6]. The right
eye was confirmed as the site of magnetoreception [11].
An alternative model of magnetoreception proposes that the
primary processes involve magnetite, a specific form of iron
oxide, Fe3O4 [12, 13]. Magnetite has been found in the head,
in particular in the ethmoid region and the upper beak, of birds
and is discussed as part of a putative magnetoreceptor
[14–17]. This mechanism would not be light dependent. How-
ever, electrophysiological recordings from the corresponding
branch of the trigeminal nerve [18] and behavioral studies
[19–22] seemed to suggest that iron-based receptors in
birds provide information on magnetic intensity as part of the
navigational ‘‘map’’ rather than compass information.
In the present paper, we describe the behavior of migratory
European robins in darkness, a situation that excludes a light-
dependent mechanism. When we found the birds to be
oriented, we analyzed the nature of the observed orientation
response in view of the functional mode and the underlying
physical principles. Table 1 gives the results and indicates sta-
tistical differences between the various samples (see the Sup-
plemental Data for the mean vectors of the individual birds).
Under 565 nm green light, the robins preferred their season-
ally appropriate migratory direction; they headed southward in
autumn and northward in spring. In darkness, the birds were
also oriented, but they no longer preferred their migratory
orientation. Instead, they headed slightly northwest in both
seasons (see Figure 1), a behavior that differed significantly
from that under green light (see Table 1).
To analyze the functional mode of this response, we tested
the birds in a magnetic field with the vertical component in-
verted. Here, the birds did not alter their preferences and con-
tinued to head northwest. Yet, when tested in a magnetic field
with the horizontal component reversed, they altered their
headings accordingly (Figure 2). This clearly shows that the
observed response depends on the direction of the ambient
magnetic field but does not involve the inclination compass—
the response depended on the polarity of the magnetic field.
Adding a weak high-frequency field in the MHz range is
a useful diagnostic tool for identifying the nature of the under-
lying mechanism because such a field is only expected to in-
terfere with the birds’ orientation if this orientation is based
on radical-pair processes [5, 10]. The results of the respective
tests are given in the lower left diagram of Figure 3. The birds
maintained their northwesterly headings, and their behavior
did not differ from that in the static field alone (see Table 1).
By contrast, treating the upper beak with the local anesthetic
Xylocain caused disorientation (see Figure 3, lower right dia-
gram), and the distribution of mean headings was significantly
different from that of the same birds when untreated (see
Table 1). Together, these findings show that the responses in
darkness do not involve a radical-pair mechanism and are
most likely based on magnetic information originating in the
iron-based receptors in the skin of the upper beak.
Activity Recorded in Darkness
Our findings clearly document that European robins are active
in absolute darkness and that their orientation is not random.
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603Table 1. Orientation of European Robins under Green Light and in Total Darkness
Year Season Light Magnetic Condition N med. rb aN rN DG DD
2005 spring Green geomagnetic field 12 0.89 9 0.86*** G
Dark geomagnetic field 12 0.83 300 0.81*** 269*** D
Dark vert. comp. inverted 12 0.87 302 0.81*** 267*** +2 n.s.
Dark horiz. comp. revers. 12 0.94 125 0.94*** +116*** 2175***
2005 autumn Green geomagnetic field 16 0.79 190 0.73*** G
Dark geomagnetic field 16 0.77 303 0.74*** +113***
2007 spring Green geomagnetic field 12 0.96 10 0.86*** G
Dark geomagnetic field 12 0.93 278 0.90*** 292*** D
Dark HF field added 12 0.87 278 0.65** 292*** 0 n.s.
Dark Xylocain treatment 12 0.43 (73) 0.21n.s. (+63)**s (+155)***S
Magnetic conditions: vert. comp. inverted, vertical component inverted; horiz. comp. revers., horizontal component reversed; HF field added, a high-fre-
quency field of 1.315 MHz was added at an angle of 24; and Xylocain treatment, the upper beak was locally anesthetized. N, number of birds tested,
med. rb, median length of the individual birds’ mean vectors indicating the intra-individual variance; aN, rN, direction and length of the grand mean vectors.
Asterisks indicate a significant directional preference (Rayleigh test [47]), and nonsignificant mean directions are given in parentheses. DG, angular differ-
ence to the control data recorded under green light in the local geomagnetic field;DD, difference with the data recorded in darkness in the local geomagnetic
field; here asterisks indicate significant differences in direction by the Watson Williams test, and asterisks with an s indicate significant differences in scatter
by the Mann Whitney U-test. Significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001; n.s., not significant, p > 0.05.Their activity in the dark deserves particular attention because
we used to assume that birds would not show migratory activity
in total darkness (e.g., [2]). Gwinner [23], who recorded the activ-
ity of night-migrating garden warblers, Sylvia borin, in their
housing cages, reported that lack of light suppressed the birds’
nocturnal activity almost completely. We, too, had tried years
ago to test robins in absolute darkness and had given it up be-
cause the birds failed to show sufficient activity. However, for
these experiments we used a cage with radially positioned
Figure 1. Orientation of European Robins in the Local Geomagnetic Field
Upper diagrams: Migratory orientation under 565 nm green light shows the
typical directional change between autumn and spring. Lower diagrams:
‘‘fixed direction’’ response in absolute darkness, where there was no sea-
sonal change. The triangles at the periphery of the circles mark the mean
headings of individual birds, the arrows represent the grand mean vectors
in relation to the radius of the circle = 1, and the two inner circles are the
5% (dotted) and the 1% significance border of the Rayleigh test [47].perches where the birds’ activity was recorded by perch activa-
tion via microswitches. Gwinner recorded his birds’ activity
when they moved from perch to perch [23]. By contrast, our
present experimental set-up does not require the birds to
move between perches: Our standard device for recording their
activity is funnel-shaped cages that allow the birds to move
along the inclined walls. It seems that darkness suppresses
migratory activity only when precise aiming for the next perch
is required; the birds appear to be rather reluctant to hop to an-
other perch if they cannot see it in the dark. This is easy to under-
stand and a meaningful precaution. Darkness thus does not
suppress activity per se, but only the hopping between perches.
A ‘Fixed Direction’ Response
The northwesterly preference observed in darkness is a
strange response. It differs markedly from normal migratory
orientation and cannot be related to any meaningful task or
context. An odd characteristic of this response is that it is
the same in spring and in autumn—it does not show the sea-
sonal change observed in migratory orientation in many previ-
ous experiments under white and, in the present study, under
green light. Such responses have been observed in robins and
Australian silvereyes, Zosterops l. lateralis, before and are
characterized as ‘‘fixed direction’’ responses; they occur un-
der specific unnatural light regimes involving monochromatic
lights of high intensity and bichromatic lights combining
short-wavelength light and 590 nm yellow light [24–29]. Unlike
alignment responses, they are unimodal and can involve
any direction; in other words, they are not restricted to the
magnetic north-south and east-west axes.
The ‘‘fixed direction’’ repsonses that have been analyzed so
far share the following characteristics. They are polar re-
sponses; that is, they depend on the direction of the ambient
magnetic field without involving the birds’ normal inclination
compass. The underlying physical principles also differ funda-
mentally from that of normal compass orientation: (1) The fact
that an oscillating field had no disruptive effect rules out the
involvement of radical-pair processes [28], and (2) in contrast
to compass orientation, ‘‘fixed direction’’ responses are dis-
rupted when the birds’ beaks are treated with a local anes-
thetic that deactivates the iron-based receptors described
by Fleissner and colleagues [16, 17]. The underlying directional
information thus originates in these receptors [29].
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Spring in Darkness Indicates a Polar Response
Left: tests in the local geomagnetic field. Center:
tests in a field with the vertical component in-
verted. Right: tests in a field with the horizontal
component inverted. For the respective control
tests, see Figure 1, upper right diagram. Symbols
are as in Figure 1.Directional Information from Magnetite-Based Receptors
The finding that the orientation in total darkness depends on
the iron-based receptors in the upper beak is rather surprising
because, so far, the available evidence—electrophysiological
as well as behavioral data—suggests that these receptors, at
least in birds, provide information on magnetic intensity used
as a component of the ‘‘navigational map’’ (e.g., [18–22]). It
was largely accepted that the iron-based receptors were
involved in the ‘‘map’’ rather than in the compass of birds.
Yet our present data now indicate a surprising novel aspect
of these receptors: They can additionally provide some kind
of directional information. This information can control the
behavior in certain situations, but apparently it is not used by
birds to locate their migratory direction. In contrast to the rad-
ical-pair mechanism underlying normal compass orientation,
this mechanism is totally independent of light.
One puzzle remains, however. Although the iron-based
receptors function in the dark, the manifestation of ‘‘fixed
Figure 3. Analysis of the Physical Processes Underlying the Orientation in
Darkness
Upper left diagram: control experiments under green light in the local geo-
magnetic field. Upper right diagram: orientation in absolute darkness in
the local geomagnetic field. Lower left diagram: test with an oscillating field,
1.315 MHz, 480 nT, added to the local geomagnetic field. Lower right dia-
gram: tests in the local geomagnetic field when the upper beak was locally
anesthetized with Xylocain. Symbols are as in Figure 1.directions’’ observed so far clearly depends on the ambient-
light regime. We found different tendencies under the various
intense monochromatic and bichromatic lights [24–29]. This
phenomenon is difficult to explain and seems to suggest that
interactions between iron-based receptors in the upper beak
and photoreceptors modify the respective ‘‘fixed direction.’’
Other Vertebrates Orienting in the Dark
A look at other animal groups reveals that light-independent
directional orientation with the help of the magnetic field is
not uncommon among vertebrates. In contrast to the ‘‘fixed
direction’’ responses in birds, in most cases these directional
tendencies observed in darkness are meaningful and ade-
quate in the behavioral context in which the animals are tested.
In fishes, compass orientation in the absence of light has been
reported, for example, in sockeye salmon, Oncorhynchus
nerka, for which the respective mechanism is reported to be
a polarity compass [30, 31]. In amphibians, the available data
are controversial: Phillips and Borland [32] described a light-
dependent inclination compass in the salamanderNotophthal-
mus viridescens, which became disoriented in the absence
of visible light [33], whereas Schlegel [34] recently reported
oriented behavior in total darkness in the same species.
Among reptiles, only marine turtles have been studied so far.
Loggerheads,Caretta caretta, and leatherbacks,Dermochelys
coriacea, were found to use an inclination compass that, in
contrast to that of birds, works also in the absence of light
[35–37]. In mammals, a magnetic polarity compass that func-
tions in darkness has been described in subterranean mole
rats, Cryptomys anselli [38], and recently in the bat Nyctalus
plancyi [39].
Only in mammals has the mechanism underlying the orienta-
tion in darkness been narrowed down: Oscillating fields in the
MHz range do not disrupt the orientation of mole rats, indicat-
ing that their orientation is not based on radical-pair processes
[40]; a magnetite-based mechanism has been suggested
[41, 42]. In the other vertebrate groups, the physical principles
of the directional responses in darkness have not been analyz-
ed. Magnetite is also indicated in fish [43], amphibians [44, 45],
and marine turtles [46], yet its specific role remains to be
determined.
Conclusions
Our present study is the first ever to document oriented move-
ments of birds in darkness, totally independent from light and
obviously independent from the active visual system. Birds
thus have two systems providing magnetic directional infor-
mation: the inclination compass that is based on radical-pair
processes and allows orientation in the migratory direction
and in acquired directions, and another, iron-based system
that, aside from providing ‘‘map’’ information, can effect
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other abnormal light regimes, but it normally remains dormant
when the radical-pair mechanism is operating.
Experimental Procedures
The experiments were performed in Frankfurt a.M. (5008’N, 840’E) in
spring 2005 and 2007 and in autumn 2005.
Test Birds and Housing Conditions
The test birds were European robins, nocturnal migrants that breed in most
parts of Europe and winter in the Mediterranean countries. They were
caught as juvenile transmigrants in September 2004, 2005, and 2006 in
the Botanical Garden in Frankfurt. Their wing lengths indicated that they
probably were of Scandinavian origin. They were kept over the winter in in-
dividual cages under a photoperiod simulating the natural one during the
autumn tests and until the beginning of December, when it was reduced
to a light:dark (L:D) ratio of 8:16 hr. One week before the spring tests began,
the light period was increased to L:D 13:10 to induce premature Zugunruhe
(migratory restlessness) that allowed us to test the birds in a spring migra-
tory state in January.
Test Performance
All tests took place in wooden houses in the garden of the Zoological Insti-
tute in the dark; the local geomagnetic field of slightly more than 46 mT, 66
inclination, was largely undisturbed. Testing began when the light went off in
the housing cages and lasted for about 75 min. Each bird was tested in the
test condition three times. Orientation behavior was recorded in funnel
cages lined with typewriter correction paper (BIC, Germany; formerly Tipp-
Ex), and the birds were tested one at a time. Each funnel cage was placed in
a light-proof cylinder isolating it from the others. For the tests in static fields,
the cage and cylinder were made from aluminum; for the tests involving the
oscillating field (see below), they consisted of PVC.
Control tests took place under green light with a peak wavelength of
565 nm (half bandwidth 553-583 nm) and an intensity of 2 mW/m2, in the
local geomagnetic field. The test light was produced by light-emitting di-
odes (LEDs) mounted on a plastic disk that covered the top of the cylinder;
it passed two diffusers before it reached the bird in the cage. The same
equipment was used for the tests in darkness, but here the LEDs were not
activated. Control tests and tests in darkness were run in different huts,
and the conditions changed between huts.
The altered static fields were produced with the help of Helmholtz coils so
that only the direction, and not the intensity, of the ambient magnetic field
was changed. The oscillating field with a frequency of 1.315 MHz, the Lar-
mor frequency (e.g., the frequency that matches the energetic splitting in-
duced by a local static field; see [6]) in the Frankfurt geomagnetic field,
and an intensity of 480 nT were produced by a coil antenna consisting of
a single winding of coaxial cable with 2 cm of the screening removed oppo-
site the feed. It was mounted on a horizontal wooden frame surrounding
a group of four test cages so that the axis of the oscillating field formed
an angle of 24 with the local magnetic vector. For details of the equipment
used, see [5, 6]. The iron-based receptors in the upper beak were temporar-
ily deactivated with a cotton plug soaked with the local anesthetic Xylocain
2% (Astra Zeneca GmbH, Wedel, Germany; active substance: Lidocainhy-
drochlorid 1 H2O). The plug was gently rubbed along the edges of the upper
mandibule of the birds about 5 min before they were placed into the test
cages.
Data Analysis and Statistics
For data analysis, the coated paper was removed and divided into 24 sec-
tors, and a person who was blind to the test condition counted the scratch
marks in each sector. Recordings with a total of fewer than 35 scratches
were excluded from the analysis and were repeated.
From the distribution of the activity within the cage, we calculated the
heading of the respective test, and from the three headings of each bird un-
der the various conditions, we calculated the respective mean vector of that
bird with the direction ab and the length rb. The mean headings ab of the 12
or 16 test birds were comprised in the grand mean vector for each condition,
with the direction aN and the length rN, which were tested by the Rayleigh
test for significant directional preferences [47]. To compare the data of dif-
ferent test conditions, we used the Watson Williams test to look for differ-
ences in direction (if rN > 0.65) and the non-parametric Mardia Watson
Wheeler test to look for differences in distribution. From the vector lengthrb the median was calculated to reflect the intra-individual variance in the
respective test condition.
Supplemental Data
Supplemental Data include three tables giving the vectors of the individual
birds on the basis of three recordings each and are available online at http://
www.current-biology.com/cgi/content/full/18/8/602/DC1/.
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